Kinesin-5 is essential in many species for the formation of a bipolar spindle. Although bipolar tetramers were known to crossbridge pairs of microtubules, the mechanism for organizing spindles was unclear. However, new experiments have revealed unique properties of kinesin-5, including some associated with the tail domain, that provide clues as to how spindles are assembled.
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Kinesin-5 (aka BimC, KSP or Eg5) has emerged as the primary motor protein of mitotic and meiotic spindles in a wide range of species, including all vertebrates. The protein, a long alpha-helical rod with globular domains at each end, forms bipolar tetramers. Kinesin-5's initial function in cell division is to separate the duplicated centrosomes (each containing a pair of centrioles and a surrounding mass of pericentriolar material, as depicted in Figure 1A ), starting even before the nuclear membrane breaks down and the chromosomes condense. If kinesin-5 is not active, astral microtubules grow out from a single focus and are powerless to separate the two sets of chromosomes. Inactivation of kinesin-5, even after the spindle has developed, may cause the spindle to collapse [1] . Because of this dependency, attention has been focused on kinesin-5 as a target for anti-cancer drugs that should inhibit cell division more specifically than anti-tubulin agents; kinesin-5 does carry out important functions in non-dividing cells [2] , but its inhibition over a short term would probably not have serious consequences. As the spindle develops ( Figure 1B) , kinesin-5 continues to interact with the overlapping sets of antiparallel microtubules, pushing the poles further apart and also driving a flux of tubulin dimers that continually assemble on to the microtubule plus ends and disassemble at the poles. Other microtubules growing out from the poles capture the chromosomes' kinetochores on to their plus ends, and several molecular motors, including kinesin-5, interact with the microtubules to produce a balanced set of forces until anaphase to position the pairs of chromosomes exactly on the midplane of the spindle [3] .
Recent studies of fluorescently labelled proteins in dividing cells [4, 5] have indicated that, in addition to the concentration in the central region of the spindle where microtubules from each pole overlap in antiparallel, a pool of kinesin-5 is located near the poles, presumably crossbridging microtubules oriented in parallel ( Figure 1B) . As a plus-end-directed motor, kinesin-5 cannot accumulate near the poles under its own power, but Uteng et al. [4] , using photo-activation and photo-bleaching, found that kinesin-5 is transported there by the minus-end-directed dynein-dynactin complex. The latter is known to keep microtubule minus ends focused at the poles, but the role of kinesin-5 there is less clear. Yang et al. [5] , using fluorescent speckle microscopy, measured tubulin flux close to the poles (dominated by flux in the kinetochore microtubules) and found it to be slower than near the spindle center (dominated by flux in the barrel of central spindle microtubules). But treatment with dynamitin (to detach dynactin and thus disable dynein's activity) speeded up the polar flux to match that of central spindle microtubules. Thus, when unopposed, kinesin-5 apparently moves parallel microtubules just as fast as antiparallel ones. This seems a surprising lack of discrimination (A) Kinesin-5 tetramers (magenta) interact with microtubules (green) growing out from the duplicated centrosomes (blue) and separate them. Without active kinesin-5, the cell forms just a monopolar aster of microtubules. (B) Kinesin-5 continues to interact with a central set of antiparallel microtubules to push the poles further apart and to drive a flux of tubulin dimers that assemble on to the plus ends and disassemble at the poles. Other microtubules capture the kinetochores of chromosomes (brown) at their plus ends and become kinetochore microtubules; near the poles, kinesin-5 and dynein both interact with parallel microtubules to regulate a slow flux of tubulin down the kinetochore tubules. (C) Studies in vitro have shown that kinesin-5 tetramers can crosslink and produce relative sliding of both parallel and antiparallel microtubules, and also those crossed at intermediate angles [7, 9, 10] . Movement of crosslinked molecules is towards the microtubule plus end but molecules that interact with only one microtubule skate in either direction. (D) Each amino-terminal head is a motor domain that hydrolyses ATP during its interaction with tubulin. Headless tetramers also bind to microtubules via their carboxy-terminal tail domains; like full-length molecules, they preferentially crosslink antiparallel microtubules. Intact tetramers that touch only one microtubule skate bidirectionally on the microtubule without releasing ADP; the tail domains may bind to the heads of their partners to put them into this state, unless the other end of the tetramer binds to another microtubule and releases the inhibition at the first end. The tail domains are then likely to contribute to processive stepping along each microtubule.
for a motor with a vital role in forming bipolar spindles.
Experiments on purified components can reveal the details of molecular mechanisms. Conventional kinesin (kinesin-1) has been investigated in great detail, and its processivity as a dimer was found to depend on alternate binding of the two motor domains (heads) at one end. But data for kinesin-5 have lagged behind, until now. Kinesin-5 differs from kinesin-1 in forming tetramers with amino-terminal motor domains at each end. Each end of the molecule must interact with a microtubule that forms the track at some moments and the cargo at others. A series of motility assay experiments have illuminated an outline of the mechanism. Kapitein et al. [6] found that each end of a kinesin-5 molecule crosslinking two microtubules moves processively, whether the two microtubules are parallel or antiparallel. It was therefore puzzling that a truncated dimer, assumed to be equivalent to one end of a tetramer, was found to be poorly processive even at low ionic strength [7] , taking only a few steps in succession before detaching. It was also puzzling that the activity of just a single-headed construct could account for sliding speeds observed in cells, so Kaseda et al. [8] suggested that kinesin-5 movement might in some way be based on single heads (see below). Further work on whole tetramers [9] began to resolve the mystery. At a physiological ionic strength, the pair of heads at one end of a molecule contacting a single microtubule did not step along it in a directed fashion but skated randomly in either direction. However, when the heads at the other end contacted another microtubule, movement switched to being active, processive and directed solely towards the microtubule plus ends.
In a recent issue of Current Biology, van den Wildenberg et al.
[10] revealed the crucial role played by the carboxy-terminal tail domain of kinesin-5. In this study, the relative sliding of microtubules in each direction was quantified by observing microtubules with one end differently labelled. In most conditions, they saw pairs of antiparallel microtubules sliding over each other three times more frequently than pairs of parallel microtubules ( Figure 1C ). When kinesin-5 is actively moving in the presence of ATP or is weakly bound in the presence of ADP, crosslinks between antiparallel microtubules are apparently maintained for longer periods. However, tetramers mixed with microtubules in the presence of the non-hydrolysable ATP analog AMPPNP crosslinked the microtubules without any orientational preference. Bipolar tetramers might be expected to bind only to antiparallel tracks but they appear to be flexible enough to twist and bind to parallel tracks. In the presence of AMPPNP the heads presumably remain stuck on the microtubules they first bind to. Tetramers of a headless (rod + tail) fragment resembled control molecules in preferentially crosslinking antiparallel microtubules. The tail domain of kinesin-1 has an entirely inhibitory effect on the activity of the heads, which involves folding of the rod domain to bring the tails into contact with the heads. The inhibition is relieved when the tails bind to cargo. In contrast, the tails of kinesin-5 seem to contribute to both skating and directed stepping by binding directly to microtubules ( Figure 1D ). In this case, it is unnecessary for both heads at one end to bind alternately to the track to achieve processive transport. Instead, there may be some coordination between single heads at opposite ends of the rod to ensure that the microtubules actually slide relative to each other.
Two classes of small compounds have been found that inhibit kinesin-5 specifically. Monastrol and other drugs that bind to the same region of the motor domain [11] [12] [13] do not inhibit ATP binding or microtubule binding but block microtubule-stimulated ADP release. Crystallographic studies [14, 15] have shown that monastrol binds in a hydrophobic, induced-fit pocket between features that are not conserved in other kinesin motor domains. Drug binding apparently induces a whole range of small structural changes that lock the kinesin-5 motor domain in a weak binding conformation. In contrast to monastrol, GSK-1 promotes strong binding of kinesin-5 to microtubules [16] [17] [18] [10] identify the tail domain as a possible 'ligand' that controls the activity of the motor domain; it is possible that different parts of the tail (or the same part, under different conditions) bind either to the monastrol site to lock the head in the weak-binding (skating) state [19] , or to the GSK-1 site to promote tight binding at some point in the production of directed, relative sliding (for example, while the microtubule is 'cargo'). This speculation needs to be tested, but whatever the details of its control mechanism actually turn out to be, kinesin-5 is an intriguing molecular motor.
